Introduction and Aim
====================

Carotid ultrasonography is a simple and noninvasive procedure that has allowed clinicians to visualize the characteristics of the carotid wall and lumen surfaces to quantify the severity of atherosclerosis^[@bib1])^. In particular, carotid intima--media thickness (IMT) is related to multiple conventional risk factors^[@bib1]--[@bib3])^ and can be a simple and useful marker of subclinical arterial damage, an index located somewhere between risk factors and "hard" clinical endpoint events such as myocardial infarction and stroke. IMT has indeed been shown to be a predictor of cardiovascular disease (CVD)^[@bib1],\ [@bib4]--[@bib11])^. However, several previous studies indicated that the addition of IMT to conventional risk factors could bring about at most just a small improvement in the ability to predict CVD in the general population^[@bib1],\ [@bib12]--[@bib15])^. In addition, if IMT was a valid surrogate for CVD events, both a single measurement of IMT and changes in IMT over time (IMT change) could be independent predictors of future clinical events. However, recent meta-analyses cast doubt on the validity of IMT change as a surrogate marker^[@bib16],\ [@bib17])^.

Recent studies have revealed that ultrasonic tissue characterization of carotid plaques using integrated backscatter and the gray-scale median (GSM) can also be an indicator of cardiovascular events^[@bib18]--[@bib22])^.

However, it has not been determined whether carotid ultrasonographic measures, including IMT and GSM, can add prognostic information beyond the conventional risk factors in patients with diabetes mellitus (DM).

In this context, the present study investigated (1) whether carotid IMT or GSM are prognostic factors for CVD after adjusting for conventional risk factors; (2) in case they are, whether the use of IMT or GSM in addition to conventional risk factors or an established cardiovascular risk score based on these can better stratify patients into cardiovascular risk groups; and (3) whether change (regression or progression) over time in IMT or GSM can be used as a therapeutic outcome measure, based on statistical analyses.

Methods
=======

Subjects
--------

This study employed a combined analysis of data obtained in five longitudinal studies in Japanese patients with DM (based on the criteria of the Japan Diabetes Society) who were followed-up for the occurrence of CVD as outcome measures. The list of the five longitudinal studies from which data were utilized to construct the combined dataset is as follows:

\(1\) "The development of tailor-made treatment for diabetic complications using DNA chips," an observational study that was conducted at the Osaka University Hospital and Naka--Kinen Hospital from January 11, 2005 to March 24, 2015.

\(2\) "Predictive value of carotid intima--media thickness for cardiovascular disease in type 2 diabetic patients," an ongoing observational study that started in 2003 at the Juntendo University Hospital^[@bib23])^.

\(3\) "Clinical research on identifying patients at high risk for severe coronary disease among those with asymptomatic type 2 diabetes mellitus without a history of coronary artery disease," an ongoing observational study that started in 2007 at the Osaka Police Hospital.

\(4\) SPEAD-A Study, a clinical study started at the Juntendo University Hospital and other institutions in 2011^[@bib24],\ [@bib25])^, and its extension study called "SPEAD-A Extension Study."

\(5\) SPIKE Study, a clinical study started at the Juntendo University Hospital and other institutions in 2012^[@bib26],\ [@bib27])^, and its extension study called the "SPIKE Extension Study."

The aim and the eligibility criteria of these studies are shown in **[Supplemental Table 1](#T5){ref-type="table"}**.

###### List of the longitudinal studies from which data were utilized to construct the combined dataset

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Study   Primary aim                                                                                                                                                                 Major eligibility criteria                                   Total number of subjects   Follow-up period   Age (mean ± SD)   Sex (proportion of men, %)
  ------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------ -------------------------- ------------------ ----------------- ----------------------------
  \(1\)   To develop tailor-made treatment for diabetic complications through the identification of their genetic and environmental risk factors                                      \(1\) patients with DM\                                      2300                       2005 -- 2015       59.8 ± 10.6       64.3
                                                                                                                                                                                      (2) free of severe PAD or cerebral infarction sequelae\                                                                      
                                                                                                                                                                                      (3) age ≥ 20 but \< 76 years, irrespective of sex                                                                            

  \(2\)   To evaluate whether carotid IMT add value to the Framingham risk score in predicting the development of cardiovascular diseases                                             \(1\) patients with T2DM\                                    783                        2003 -- ongoing    58.2 ± 9.6        66.2
                                                                                                                                                                                      (2) free of a history of cardiovascular disease\                                                                             
                                                                                                                                                                                      (3) age ≥ 30 but \< 76 years, irrespective of sex                                                                            

  \(3\)   To evaluate the association between carotid IMT and the presence of severe atherosclerotic lesions in coronary arteries as well as future onset of cardiovascular disease   \(1\) patients with T2DM\                                    333                        2007 -- ongoing    64.6 ± 7.6        70.9
                                                                                                                                                                                      (2) free of a history of coronary artery disease                                                                             

  \(4\)   To investigate the effects of alogliptin, a DPP-4 inhibitor, on the progression of carotid atherosclerosis in patients with type 2 diabetes mellitus.                       \(1\) patients with T2DM\                                    322                        2011 -- ongoing    64.6 ± 9.4        61.8
                                                                                                                                                                                      (2) free of a history of apparent cardiovascular diseases\                                                                   
                                                                                                                                                                                      (3) age ≥ 30 years, irrespective of sex                                                                                      

  \(5\)   To assess the effects of sitagliptin, a dipeptidyl peptidase 4 inhibitor, on carotid intima-media thickness in type 2 diabetes mellitus.                                    \(1\) patients with T2DM using insulin\                      274                        2012 -- ongoing    63.7 ± 9.8        60.2
                                                                                                                                                                                      (2) free of a history of apparent cardiovascular diseases\                                                                   
                                                                                                                                                                                      (3) age ≥ 30 but \< 80 years, irrespective of sex                                                                            
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

\(1\) "The development of tailor-made treatment for diabetic complications using DNA chips," an observational study that was conducted at Osaka University Hospital and Naka-Kinen Hospital from January 11, 2005, to March 24, 2015.

\(2\) "Predictive value of carotid intima-media thickness for cardiovascular disease in type 2 diabetic patients," an ongoing observational study that started in 2003 at Juntendo University Hospital \[Ref. [@bib20]\].

\(3\) "Clinical research on identifying patients at high risk for severe coronary disease among those with asymptomatic type 2 diabetes mellitus without a history of coronary artery disease," an ongoing observational study that started in 2007 at Osaka Police Hospital.

\(4\) SPEAD-A Study, a clinical study started at Juntendo University Hospital and other institutions in 2011 \[Ref. [@bib21], [@bib22]\], and its extension study called "SPEAD-A Extension Study".

\(5\) SPIKE Study, a clinical study started in Juntendo University Hospital and other institutions in 2012 \[Ref. [@bib23], [@bib24]\], and its extension study called the "SPIKE Extension Study".

The study subjects of the present study were from combined data according to the following eligibility criteria:

Inclusion criteria: Patients who underwent carotid ultrasonography at baseline.

Exclusion criteria: 1) Patients with a history of CVD at baseline; 2) patients who declined to participate in this study.

The study protocol was approved by the ethics committees for human research of the Osaka University Hospital and the study was conducted in accordance with the principles of the Helsinki Declaration. This study has been registered on the University Hospital Medical Information Network Clinical Trials Registry, which is a non-profit organization in Japan and meets the requirements of the International Committee of Medical Journal Editors (UMIN000020108).

Outcome Measures
----------------

The primary outcome measure was the first occurrence of CVD events. In the present study, CVD events were defined as cardiovascular death, coronary artery disease (i.e., acute myocardial infarction, angina pectoris, or revascularization for the treatment of coronary artery diseases), stroke (ischemic or hemorrhagic stroke), or peripheral artery disease (PAD).

Diagnosis of occurrence of coronary artery disease was performed by cardiologists based on the clinical symptoms, characteristic ECG changes, cardiac enzyme levels, and findings on coronary angiography and/or echocardiography according to established guidelines^[@bib28],\ [@bib29])^. An ischemic stroke event was defined as a validated, definite or probable hospitalized atherothrombotic, cardioembolic, lacunar, or other type of ischemic stroke, diagnosed by neurological experts based on clinical symptoms and neuroimaging findings, according to the National Institute of Neurological Disorders and Stroke (NINDS) III classification^[@bib30])^. The presence of lower extremity PAD was defined as occlusion or severe stenosis observed on either the right or left side. Subjects whose ABI value decreased to below 0.9 were diagnosed as having developed PAD.

For participants with a CVD event, follow-up duration was defined as the period between the baseline clinic visit and the date of the first CVD event. For participants with no CVD event, follow-up continued until the date of death or March 31, 2016, or until the date of last contact.

Factors Related to Carotid Ultrasonography
------------------------------------------

In the assessment of measures of carotid ultrasonography, a unified method was used in the abovementioned five studies. Scans of the carotid artery were performed by expert sonographers based on the guideline of the Japan Society of Ultrasonics in Medicine^[@bib31])^, using high-resolution B-mode ultrasound scanners equipped with a high frequency (\> 7.5-MHz) linear transducer, with a limit of detection of \< 0.1 mm. The carotid arteries were scanned in transverse sections from the origins of the common carotid arteries (CCA), carotid sinuses, internal carotid arteries (ICA), and external carotid arteries (ECA), and then examined for carotid lesions in longitudinal sections at different angles (anterior, lateral, and posterior, which approximately correspond to 60, 90, and 150 degrees for the right carotid artery, and 210, 270, and 300 degrees for the left carotid artery marked on Meijer\'s Arc). The site of greatest thickness, including plaque lesions, was then sought along the arterial walls.

The IMT is defined as the distance between two parallel echogenic lines corresponding to the vascular lumen and the adventitial layer. In this study, localized elevated lesions with a maximum thickness of \> 1 mm, having a point of inflection on the surface of the intima--media complex, are defined as "carotid plaque" based on the guideline of the Japan Society of Ultrasonics in Medicine^[@bib31])^. It should be also noted that the measurement of IMT was performed at the site of greatest thickness, "including plaque lesions," in accordance with the recommendation of the Japan Society of Ultrasonics in Medicine^[@bib31])^. CCA-mean-IMT was calculated using an automatic IMT-measuring software installed on ultrasound scanners.

The echogenicity of the arterial wall was evaluated based on the GSM method in a gray-scale range of 0 to 255 (0 as the darkest tone and 255 as the brightest). Adobe Photoshop software, version 7.0 (Adobe Systems, San Jose, CA, USA) was used for image standardization and calculation of gray-scale values. In accordance with the previous report, the standardization of the B-mode image was performed using a curve option, so that the GSM for the blood ranged from 0--5, and for the adventitia from 185--195^[@bib32])^. Then, the Mean-IMT-CCA area (the segment 2 cm proximal to the dilation of the carotid bulb) was delineated with a freehand tool, and the GSM of the selected area was read from the entire delineated area. Similarly, if there was an atherosclerotic plaque lesion (i.e., focal elevated lesion with Max-IMT-CCA \> 1.0mm), the GSM of the plaque lesion was also measured using the same method. In the event that multiple plaque lesions were found in one individual, the plaque with the greatest thickness was subject to GSM measurement and the GSM value was used as the subject\'s representative value.

The following five measures were analyzed at the carotid ultrasonography in the present study:

• CCA-mean-IMT: The mean common carotid IMT was determined in the right and left carotid arteries, and the larger of the two values was used.

• CCA-max-IMT: The maximum common carotid IMT was determined in the right and left carotid arteries, and the larger of the two values was used.

• Max-IMT: The maximum IMT in the segment from the CCA to the ICA was determined in the right and left carotid arteries, and the larger of the two values was used.

• Mean-GSM: The GSM of the IMT was determined at the segment 2 cm proximal to the dilation of the carotid bulb in the right and left carotid arteries, and the mean of the two values was used.

• Plaque-GSM: The GSM value of carotid plaque lesions (Max-IMT \> 1.0mm) was determined in the right and left carotid arteries, and the smaller of the two values was used.

According to these definitions, the numbers of subjects whose data of such IMT measures were available from original studies were as follows: 3260 patients for CCA-mean-IMT, 2243 patients for CCAmax-IMT, 540 patients for Max-IMT, 529 patients for Mean-GSM, and 534 patients for plaque-GSM.

We do not have comprehensive quality control data of IMT measurements since this study employed an integrated data analysis obtained in five independent studies. However, the reproducibility of the IMT measurements in each study was quite high (the mean absolute difference between two measurements ranged from 0.02 ± 0.01 to 0.05 ± 0.07 mm). Regarding GSM, the intra- and inter-reader coefficients of variation for GSM measurements was 2.9%--4.8% and 8.2%, respectively, for 40 consecutively replicated measurements, demonstrating high reproducibility.

Conventional Risk Factors for CVD Events (as Adjustment Factors)
----------------------------------------------------------------

In the present study, conventional risk factors for CVD were defined as sex, age, cigarette smoking, hypertension, dyslipidemia, obesity, HbA1c levels, duration of DM, and higher serum creatinine value, on the basis of previous studies. These clinical and biochemical data were collected and measured using standard laboratory protocols at baseline in each study. The Framingham Risk Score (FRS), calculated with the Framingham--D\'Agostino risk equation, was used as a typical cardiovascular disease risk score based on conventional risk factors such as sex, age, total cholesterol, HDL cholesterol, systolic blood pressure (SBP), anti-hypertensive medication use, current smoking, and DM status^[@bib33])^. The determination of hypertension (defined as SBP ≥ 130 mmHg or diastolic blood pressure ≥ 80 mmHg or anti-hypertensive medication use) and dyslipidemia (defined as serum LDL cholesterol ≥ 3.1 mmol/L \[120 mg/dL\] or serum TG ≥ 1.7 mmol/L \[150 mg/dL\] or HDL-cholesterol \< 1.0 mmol/L \[40 mg/dL\] or use of lipid-lowering medication) was based on the criteria of the Japan Diabetes Society^[@bib34])^. The determination of obesity (defined as body mass index \[BMI\] ≥ 25.0 kg/m^2^) was based on the Japan Society for the Study of Obesity\'s criteria. The individuals who currently smoked at least one cigarette per day were defined as current smokers.

Statistical Analysis
--------------------

All values are reported as mean ± SD for continuous variables, or percentage in parentheses for categorical variables. Occurrence of the above-mentioned CVD events was plotted using the Kaplan--Meier method and differences between the groups were assessed by a log-rank test. The occurrence of the CVD events was analyzed using the Cox proportional hazards model including each carotid ultrasonography measure, conventional risk factors (or FRS), and the original study in which each subject participated as explanatory variables to estimate hazard ratios (HRs) and 95% confidence intervals (CIs).

The ability of variables to predict CVD outcome was examined by time-dependent receiver-operating-characteristic (ROC) curve analysis. In order to investigate whether the addition of IMT or GSM to the conventional risk factors improves the stratification of patients by CVD event risk, the C-statistics were calculated^[@bib35])^. The Youden index, that is, the sum of the sensitivity and specificity minus one, was used to determine a cut-off value for each carotid ultrasonography measure. The net reclassification improvement (NRI) statistics were calculated by categorizing the 10-year event rate into \< 10%, 10%--20%, and ≥ 20%^[@bib36])^.

The following methods were used to investigate whether change over time in each carotid ultrasonography measure can be used as a measure of therapeutic response. A univariate regression analysis was conducted for individual patients to estimate the slope of each carotid ultrasonography measures over time. For patients who experienced CVD events during the observation period, data before the occurrence of the first event were used to calculate the slope. Data after the first event were excluded because changes in IMT or GSM may be significantly affected by the event and including post-event data to calculate the slope is clinically considered inappropriate, as well as because IMT or GSM may often not be determined after the occurrence of CVD events. Data at all time points were used for patients who did not experience CVD events during the observation period to improve the precision of the slope estimate. Next, a Cox proportional hazards model was developed using the occurrence of the above-mentioned CVD events as the response variable, the baseline value of each carotid ultrasonography measure, the slope obtained as described above, and the conventional risk factors or FRS as explanatory variables.

The above analyses were conducted without imputation for missing data, and cases with missing data were excluded from the analysis. For all tests, *p* \< 0.05 was considered statistically significant. The statistical analyses were performed using SAS 9.3 (SAS Institute, Cary, NC, USA).

Results
=======

Among 3945 patients registered in the database, 3263 patients who met the selection criteria were included in the analysis set for the present study, with males accounting for 65.5% and a mean age of 60.9 ± 9.9 years. **[Table 1](#T1){ref-type="table"}** summarizes the clinical characteristics of the patients at baseline. During the observation period (81 ± 41 months), CVD events developed in 488 patients and major adverse cardiovascular events (MACE) developed in 295 patients. Coronary artery disease developed in 240 patients. Stroke developed in 257 patients and PAD developed in 50 patients. Fifty patients died.

###### Baseline characteristics of study subjects

                                      Entire sample   Without event   With event    
  ----------------------------------- --------------- --------------- ------------- ----------
  Gender (male, %)                    65.5            64.2            73.0          \< 0.001
  Age (years)                         60.9 ± 9.7      60.3 ± 10.1     64.5 ± 7.8    \< 0.001
  Current smoker (%)                  39.9            38.4            48.4          \< 0.001
  Duration of diabetes (years)        8.4 ± 7.9       8.5 ± 7.9       7.8 ± 7.6     0.07
  HbA1c (%)                           7.5 ± 1.3       7.5 ± 1.3       7.5 ± 1.3     0.38
  Obesity (%)                         35.1            35.7            32.0          0.12
  Hypertension (%)                    57.3            54.9            70.7          \< 0.001
  Dyslipidemia (%)                    64.4            64.6            63.7          0.72
  Serum creatinine (mg/dl)            0.8 ± 0.5       0.8 ± 0.4       0.9 ± 0.9     \< 0.001
  Framingham risk (10-year CVD, %)    31.3 ± 19.1     29.8 ± 18.7     39.2 ± 19.5   \< 0.001
  Administration of                                                                 
      Anti-diabetic drugs (%)         83.6            83.2            85.9          0.14
      Anti-hypertensive drugs (%)     43.5            42.0            52.5          \< 0.001
      Anti-hyperlipidemic drugs (%)   37.6            37.2            40.2          0.21
  CCA-mean-IMT (mm) (*n* = 3260)      0.9 ± 0.3       0.9 ± 0.3       1.0 ± 0.4     \< 0.001
  CCA-max-IMT (mm) (*n* = 2243)       1.1 ± 0.4       1.1 ± 0.3       1.2 ± 0.4     \< 0.001
  Max-IMT (mm) (*n* = 540)            1.8 ± 0.9       1.7 ± 0.8       2.4 ± 1.0     \< 0.001
  Mean-GSM (U) (*n* = 529)            55.5 ± 15.8     55.5 ± 15.9     56.4 ± 11.5   0.85
  Plaque-GSM (U) (*n* = 534)          50.4 ± 17.8     51.3 ± 17.7     42.0 ± 16.5   \< 0.001

Data are shown as % or means ± SD. *P* values were calculated by Student\'s *t*-test or chi-square as appropriate.

Abbreviations: IMT, intima-media thickness; GSM, gray-scale median.

Individuals who currently smoked at least one cigarette per day were defined as current smokers. Obesity was defined as body mass index ≥ 25.0 kg/m^2^). Hypertension was defined as systolic blood pressure ≥ 130 mmHg or diastolic blood pressure ≥ 80 mmHg or anti-hypertensive medication use. Dyslipidemia was defined as serum LDL cholesterol ≥ 3.1 mmol/L (120 mg/dl) or serum TG ≥ 1.7 mmol/L (150 mg/dl) or HDL-cholesterol \< 1.0 mmol/L (40 mg/dl) or use of lipid-lowering medication.

(1). Carotid IMT and GSM are Prognostic Factors for the Occurrence of CVD Events even after Adjusting for Conventional Risk Factors
-----------------------------------------------------------------------------------------------------------------------------------

Data used to analyze the predictive performance of carotid ultrasonography measures refer to the following numbers of patients: 3260 patients for CCAmean-IMT, 2243 patients for CCA-max-IMT, 540 patients for Max-IMT, 529 patients for Mean-GSM, and 534 patients for plaque-GSM (**[Table 1](#T1){ref-type="table"}**).

When evaluable patients were divided by quintile for each carotid ultrasonography measure, to assess the relationship between the measure and the occurrence of CVD events, the risk of CVD events was higher in those with higher CCA-mean-IMT, CCA-max-IMT, or Max-IMT (log-rank test, *p* \< 0.001 for all measures; **[Fig. 1A](#F1a){ref-type="fig"}, [1B](#F1b){ref-type="fig"}, [1C](#F1c){ref-type="fig"}**). Although no significant relationship was observed between mean-GSM and the occurrence of CVD events (**[Fig. 1D](#F1d){ref-type="fig"}**), the risk of CVD events was significantly higher in the first quintile of patients with the lowest plaque-GSM than in the four higher quintiles (log-rank test, *p* \< 0.001) (**[Fig. 1E](#F1e){ref-type="fig"}**).

![Kaplan--Meier curves depicting the cumulative probability of cardiovascular events in Japanese patients with type 2 DM\
A total of 3260 subjects were divided into five subgroups by quintiles according to their baseline CCA-mean-IMT values (Q1, ≤ 0.72 mm; Q2, 0.73--0.82 mm; Q3, 0.83--0.92 mm; Q4, 0.93--1.09 mm; and Q5, ≥ 1.10 mm) and followed-up to assess the relationship between the baseline CCA-mean-IMT and the occurrence of cardiovascular events. The risk for cardiovascular events was higher in patients with increased baseline CCA-mean-IMT (log-rank test, *p* \< 0.001).](jat-25-1053-g001){#F1a}

![Kaplan--Meier curves depicting the cumulative probability of cardiovascular events in Japanese patients with type 2 DM\
A total of 2243 subjects were divided into five subgroups by quintiles according to their baseline CCA-max-IMT values (Q1, ≤ 0.84 mm; Q2, 0.85--0.95 mm; Q3, 0.96--1.08 mm; Q4, 1.09--1.25 mm; and Q5, ≥ 1.26 mm) and followed-up to assess the relationship between the baseline CCA-max-IMT and the occurrence of cardiovascular events. The risk for cardiovascular events was higher in patients with increased baseline CCA-max-IMT (log-rank test, *p* \< 0.001).](jat-25-1053-g002){#F1b}

![Kaplan--Meier curves depicting the cumulative probability of cardiovascular events in Japanese patients with type 2 DM\
A total of 540 subjects were divided into five subgroups by quintiles according to their baseline Max-IMT values (Q1, ≤ 1.05 mm; Q2, 1.06--1.38 mm; Q3, 1.39--1.90 mm; Q4, 1.91--2.57 mm; and Q5, ≥ 2.58 mm) and followed-up to assess the relationship between the baseline Max-IMT and the occurrence of cardiovascular events. The risk for cardiovascular events was higher in patients with increased baseline Max-IMT (log-rank test, *p* \< 0.001).](jat-25-1053-g003){#F1c}

![Kaplan--Meier curves depicting the cumulative probability of cardiovascular events in Japanese patients with type 2 DM\
A total of 529 subjects were divided into five subgroups by quintiles according to their baseline Mean-GSM values (Q1, ≤ 42.0 U; Q2, 42.5--49.5 U; Q3, 50.0--58.5 U; Q4, 59.0--67.5 U; and Q5, ≥ 68.0 U) and followed-up to assess the relationship between the baseline Mean-GSM and the occurrence of cardiovascular events. No significant relationship was observed between the Mean-GSM and the occurrence of cardiovascular events.](jat-25-1053-g004){#F1d}

![Kaplan--Meier curves depicting the cumulative probability of cardiovascular events in Japanese patients with type 2 DM\
A total of 534 subjects were divided into five subgroups by quintiles according to their baseline plaque-GSM values (Q1, ≤ 35 U; Q2, 36--44 U; Q3, 45--53 U; Q4, 54--63 U; and Q5, ≥ 64 U) and followed-up to assess the relationship between the baseline plaque-GSM and the occurrence of cardiovascular events. The risk of cerebro-/cardiovascular events was significantly higher in the first quintile of patients with the lowest plaque-GSM than in the four higher quintiles (log-rank test, *p* \< 0.001).](jat-25-1053-g005){#F1e}

Multivariate Cox regression analyses revealed that CCA-mean-IMT (HR 1.08 for every 0.1-mm increment \[95% CI: 1.05--1.11\], *p* \< 0.001), CCA-max-IMT (HR 1.07 for every 0.1-mm increment \[95% CI: 1.04--1.10\], *p* \< 0.001), Max-IMT (HR 1.08 for every 0.1-mm increment \[95% CI: 1.05--1.11\], *p* \< 0.001), plaque-GSM (HR 0.74 for every 10-U increment \[95% CI: 0.62--0.90\], *p* = 0.002), and the presence of low-GSM (≤ 35) echolucent plaque (HR 2.90 \[95% CI: 1.60--5.24\], *p* \< 0.001) were prognostic factors for CVD events even after adjustment for the original study in which each subject participated and nine conventional risk factors (sex, age, smoking, hypertension, dyslipidemia, obesity, HbA1c, duration of DM, and serum Cr level) (**[Table 2](#T2){ref-type="table"}**, model 2). Similarly, after adjustment for the study variable and FRS, CCA-mean-IMT, CCA-max-IMT, Max-IMT, plaque-GSM, and the presence of low-GSM plaques were prognostic factors for CVD (**[Table 2](#T2){ref-type="table"}**, model 3).

###### Relative risk of cardiovascular events for ultrasonographic variables

                              Model 1                        Model 2                        Model 3             
  --------------------------- ------------------- ---------- ------------------- ---------- ------------------- ----------
  CCA-mean-IMT (per 0.1 mm)   1.12 (1.10--1.15)   \< 0.001   1.08 (1.05--1.11)   \< 0.001   1.10 (1.07--1.12)   \< 0.001
  CCA-max-IMT (per 0.1 mm)    1.10 (1.08--1.13)   \< 0.001   1.07 (1.04--1.10)   \< 0.001   1.08 (1.06--1.11)   \< 0.001
  Max-IMT (per 0.1 mm)        1.08 (1.06--1.10)   \< 0.001   1.08 (1.05--1.11)   \< 0.001   1.07 (1.05--1.09)   \< 0.001
  Mean-GSM (per 10 U)         1.07 (0.74--1.54)   0.72       1.10 (0.72--1.66)   0.66       1.08 (0.75--1.56)   0.68
  Plaque-GSM (per 10 U)       0.70 (0.58--0.85)   \< 0.001   0.74 (0.62--0.90)   0.002      0.71 (0.59--0.86)   \< 0.001
  Low-GSM plaque (yes)        3.37 (1.93--5.87)   \< 0.001   2.90 (1.60--5.24)   \< 0.001   3.39 (1.94--5.93)   \< 0.001

Cox proportional hazards regression analyses adjusted for the following covariates:

Model 1, adjusted for the original study in which each subject participated.

Model 2, adjusted for the original study in which each subject participated, gender, age, current smoking, hypertension, dyslipidemia, obesity, HbA1c, duration of diabetes, and serum creatinine value.

Model 3, adjusted for the original study in which each subject participated and the Framingham risk score.

Abbreviations: HR, Hazard Ratio; IMT, intima-media thickness; GSM, gray-scale median.

(2). Carotid Ultrasonography Measures Used in Addition to Conventional Risk Factors can Better Stratify Patients into Cardiovascular Risk Groups
------------------------------------------------------------------------------------------------------------------------------------------------

The time-dependent ROC curve analysis indicated that a predictive model using the above-mentioned nine conventional risk factors is useful in predicting the occurrence of CVD events (C-statistic 0.699; *p* \< 0.001). On the other hand, the use of CCA-mean-IMT, CCA-max-IMT, or Max-IMT in addition to the nine conventional risk factors significantly improved the prediction of occurrence of CVD events (delta C-statistic 0.009 \[95% CI: 0.002--0.020\], *p* = 0.006 for CCA-mean-IMT, delta C-statistic 0.014 \[95% CI: 0.002--0.027\], *p* = 0.017 for CCAmax-IMT, and delta C-statistic 0.093 \[95% CI: 0.017--0.170\], *p* = 0.008 for Max-IMT) (**[Table 3](#T3){ref-type="table"}**). The C-statistics did not increase when plaque-GSM or the presence of low-GSM plaques was added to the conventional risk factors (delta C-statistic −0.037 \[95% CI: −0.078--0.066\], *p* = 0.912 for plaque-GSM; and delta C-statistic 0.007 \[95% CI: −0.026--0.088\], *p* = 0.432 for the presence of low-GSM plaque) (**[Table 3](#T3){ref-type="table"}**).

###### Contribution of different carotid ultrasonography measures to conventional risk factors in the prediction of CVD

                   vs. conventional risk factors alone           vs. Framingham Risk Score alone    
  ---------------- ------------------------------------- ------- ---------------------------------- ----------
  CCA-mean-IMT     0.009 (95% CI: 0.002 to 0.020)        0.006   0.010 (95% CI: −0.001 to 0.025)    0.064
  CCA-Max-IMT      0.014 (95% CI: 0.002 to 0.027)        0.017   0.019 (95% CI: 0.006 to 0.036)     0.007
  Max-IMT          0.093 (95% CI: 0.017 to 0.170)        0.008   0.124 (95% CI: 0.048 to 0.216)     \< 0.001
  Mean-GSM         0.001 (95% CI: −0.021 to 0.024)       0.986   0.008 (95% CI: −0.026 to 0.091)    0.535
  Plaque-GSM       −0.037 (95% CI: −0.078 to 0.066)      0.912   −0.049 (95% CI: −0.099 to 0.065)   0.629
  Low-GSM plaque   0.007 (95% CI: −0.026 to 0.088)       0.432   0.029 (95% CI: −0.010 to 0.101)    0.158

Each carotid ultrasonography measure was combined with nine conventional risk factors (gender, age, current smoking, hypertension, dyslipidemia, obesity, HbA1c, duration of diabetes mellitus, and serum creatinine value) and the original study in which each subject participated or the Framingham Risk Score and the study. The increase of C-statistics (delta C-statistics) were calculated using time-dependent ROC curve analyses

Although FRS alone is also useful in predicting the occurrence of CVD events (C-statistic, 0.655; *p* \< 0.001), adding CCA-max-IMT or Max-IMT to the FRS significantly improved the prediction of CVD events (delta C-statistics 0.019 \[95% CI: 0.006--0.036\], *p* = 0.007, and delta C-statistics 0.124 \[95% CI: 0.048--0.216\], *p* \< 0.001, respectively) (**[Table 3](#T3){ref-type="table"}**). Similarly, the C-statistics tended to increase when CCA-mean-IMT was added to the FRS, although the change was not statistically significant (delta C-statistic 0.010 \[95% CI: −0.001--0.025\], *p* = 0.064).

The use of any carotid ultrasonography measures in addition to the classic risk factors did not increase NRI significantly.

(3). Changes over Time in IMT and GSM are Prognostic Factors for CVD Events
---------------------------------------------------------------------------

Data were available to analyze the associations between changes over time in carotid ultrasonography measures and onset of CVD in the following numbers of patients: 1881 patients for CCA-mean-IMT, 1741 patients for CCA-max-IMT, 133 patients for Max-IMT, 500 patients for Mean-GSM, and 227 patients for plaque-GSM. The increment in CCA-mean-IMT (HR 2.37 for every 0.1-mm/year increment \[95% CI: 1.63--3.47\], *p* \< 0.001), increment in Max-IMT (HR 1.51 for every 0.1-mm/year increment \[95% CI: 1.07--2.14\], *p* = 0.020), and increment in Mean-GSM (HR 0.22 for every 10-U/year increment \[95% CI: 0.06--0.76\], *p* = 0.016) were prognostic factors for CVD even after adjusting for the baseline value of the respective measure (**[Table 4](#T4){ref-type="table"}**). The risk of CVD event occurrence tended to be higher in patients with a larger increment in CCA-max-IMT, but the difference was not statistically significant (HR 1.20 for every 0.1-mm/year increment \[95% CI: 0.94--1.53\], *p* = 0.15). Change in plaque-GSM did not significantly relate to CVD events risk. Furthermore, the increment in CCA-mean-IMT was a prognostic factor for CVD events even after adjusting for the conventional risk factors or FRS at baseline (HR 1.77 for every 0.1-mm/year increment \[95% CI: 1.18--2.66\], *p* = 0.006; HR 1.98 for every 0.1-mm/year increment \[95% CI: 1.34--2.94\], *p* \< 0.001). Similarly, change in Mean-GSM was also a prognostic factor for CVD events occurrence even after adjusting for the conventional risk factors or FRS (HR 0.23 for every 10-U/year increment \[95% CI: 0.07--0.83\], *p* = 0.025; HR 0.25 for every 10-U/year increment \[95% CI: 0.08--0.82\], *p* = 0.022).

###### Relative risk of cardiovascular events with respect to changes over time (increment per year) in ultrasonographic variables

                                   Model 1                        Model 2                                                     Model 3             
  -------------------------------- ------------------- ---------- ------------------- --------------------------------------- ------------------- ----------
  CCA-mean-IMT (per 0.1 mm/year)   2.37 (1.63--3.47)   \< 0.001   1.77 (1.18--2.66)   0.006                                   1.98 (1.34--2.94)   \< 0.001
  CCA-max-IMT (per 0.1 mm/year)    1.20 (0.94--1.53)   0.15       1.10 (0.85--1.41)   0.37                                    1.14 (0.88--1.46)   0.32
  Max-IMT (per 0.1 mm/year)        1.51 (1.07--2.14)   0.020      1.44 (0.64--3.25)   0.38^[†](#tf1){ref-type="table-fn"}^    1.47 (0.96--2.25)   0.07
  Mean-GSM (per 10 U/year)         0.22 (0.06--0.76)   0.016      0.23 (0.07--0.83)   0.025^[†](#tf1){ref-type="table-fn"}^   0.25 (0.08--0.82)   0.022
  Plaque-GSM (per 10 U/year)       1.04 (0.42--2.56)   0.93       1.10 (0.38--3.20)   0.87^[†](#tf1){ref-type="table-fn"}^    1.03 (0.42--2.55)   0.95

Cox proportional hazards regression analyses adjusted for the following covariates:

Model 1, adjusted for baseline value and the original study in which each subject participated.

Model 2, adjusted for baseline value, the original study in which each subject participated, gender, age, current smoking, hypertension, dyslipidemia, obesity, HbA1c, duration of diabetes, and serum creatinine value on the basis of previous studies.

Model 3, adjusted for baseline value, the original study in which each subject participated, and the Framingham risk score

Validity of the analysis result is questionable because the number of exploratory variables is too much than the number of events.

Discussion
==========

In the present study, we performed a combined analysis of data obtained in five longitudinal studies in Japanese patients with DM and revealed that three conventional measures of IMT (CCA-mean-IMT, CCA-max-IMT, and Max-IMT) were independent risk factors for the occurrence of CVD even after adjustment for conventional risk factors (**[Table 2](#T2){ref-type="table"}**). These findings are consistent with previous reports^[@bib1],\ [@bib4]--[@bib11])^. Hazard ratios of CVD for these measures of IMT ranged from 1.07--1.12 (per 0.1-mm increment), suggesting that these parameters are useful as markers for CVD risk in daily clinical settings for DM care. In addition, time-dependent ROC curve analysis showed that the addition of CCA-mean-IMT, CCA-max-IMT or Max-IMT to the conventional risk factors only slightly but significantly improved the prediction ability for CVD (**[Table 3](#T3){ref-type="table"}**). However, the NRI statistics did not demonstrate a significant improvement in risk prediction. These results indicate that the addition of IMT to the conventional risk factors could bring about an improvement in the ability to predict CVD events in asymptomatic patients with DM,butthatits ; however, the extent of this improvement is smallas isthe case , similar to that in the general population^[@bib1],\ [@bib12]--[@bib15])^. In subjects with metabolic syndrome or DM, Malik *et al*. assessed coronary artery calcium (CAC) and carotid IMT in the Multi-Ethnic Study of Atherosclerosis (MESA). They reported that the addition of IMT to the conventional risk factors could bring about an improvement in the ability to predict CVD, but that its extent is small, while CAC increased the C-statistic for CVD events over conventional risk factors and IMT^[@bib37])^.

It is commonly accepted that lipid-rich plaques carry a higher risk for CVD events, since "disruption of a lipid-rich vulnerable plaque" could play a crucial role in the development of such events^[@bib38],\ [@bib39])^. Therefore, tissue characterization of a plaque lesion is considered to be useful for identifying patients at high risk for CVD. Interestingly, tissue characterization of carotid plaques can be estimated in a non-invasive manner using ultrasound, and echolucent plaques in the carotid artery was shown to correspond to lipid-rich atheromatous plaques^[@bib40],\ [@bib41])^. Notably, the current study showed that patients with low-GSM echolucent plaques in their carotid arteries had a significantly higher risk for cardiovascular events (**[Fig. 1E](#F1e){ref-type="fig"}**). Furthermore, a multivariate Cox proportional hazards regression analysis revealed that plaque-GSM and the presence of low-GSM plaques were independent risk factors for the occurrence of CVD even after adjustment for conventional risk factors (HR 0.74 for every 10-U increment \[95% CI: 0.62--0.90\], *p* = 0.002 and HR 2.90 \[95% CI: 1.60--5.24\], *p* \< 0.001, respectively; **[Table 2](#T2){ref-type="table"}**). These results were consistent with the concept that individuals who have echolucent, lipid-rich, vulnerable plaques in their carotid arteries are prone to develop cardiovascular events. However, it did not increase the C-statistic when added to the best predictive models constructed for the present study subjects using nine conventional risk factors or the FRS. These results suggested that addition of carotid GSM to conventional risk factors may improve the predictive ability for CVD in asymptomatic patients with DM, but that the extent of this prediction would be small.

Theoretically, the progression of IMT reflects the progression of atherosclerosis, and thus could reflect the development of CVD events. Indeed, several previous studies, including a meta-analysis, showed that a change over time in IMT (IMT change) predicted the future onset of CVD events and could, therefore, be used as a surrogate clinical endpoint for the development of CVD^[@bib42]--[@bib44])^. However, recent meta-analyses in the general population as well as in subjects with DM contradicted this idea^[@bib16],\ [@bib17])^. Interestingly, the present study demonstrated that IMT change is a prognostic factor for CVD (**[Table 4](#T4){ref-type="table"}**). Although our finding is inconsistent with previous meta-analyses, there are several possible explanations for this discrepancy. First, different definitions of IMT in Western countries and in Japan might be a possible explanation. In Western countries, it is recommended that measurement of IMT should be performed in a region free of plaques^[@bib45])^ and the distinction between IMT and plaque should be made clearly. In contrast, the Japan Society of Ultrasonics in Medicine recommends that the measurement of IMT should be performed at the site of greatest thickness, including in plaque lesions^[@bib31])^. It is known that the process of IMT increase is a complex phenomenon, not determined by atherosclerotic risk factors alone^[@bib46])^, and that carotid plaques are a more sensitive and representative index of the atherosclerotic burden than IMT, with a greater predictive value for cardiovascular events^[@bib47]--[@bib49])^. The progression of IMT including plaques rather than that excluding plaques might thus correlate more strongly with cardiovascular events. Second, random measurement errors at baseline and follow-up are accumulated into the index of IMT change. Therefore, the accuracy and reproducibility of the measurement of IMT is more important in the evaluation of the association between IMT change and CVD events as compared to those between baseline IMT and CVD events. A meta-analysis utilizing data from a number of institutions using different imaging modalities and different ultrasound protocols would tend to impair the accuracy and reproducibility in the measurement of IMT, and, thus, may have difficulty in demonstrating a significant association between IMT change and CVD events. On the other hand, our study used a unified ultrasound protocol, which could contribute to demonstrating the association between IMT change and CVD events.

Regarding GSM, there has been no evaluation of whether its change over time can be used as a therapeutic outcome. Interestingly, our study revealed that change over time in Mean-GSM was an independent risk factor for CVD events, even after adjustment for conventional risk factors, suggesting that Mean-GSM change can be a prognostic factor for CVD.

Several limitations of our study should be discussed. First, the numbers of the patients with data for Max-IMT (*n* = 540), Mean-GSM (*n* = 529), and plaque-GSM (*n* = 534) were small compared with the total of 3263 patients, which may have decreased the strength of the conclusion.

Second, the number of patients who developed CVD events during the observation period was relatively small, especially in the analyses that used Mean-GSM and plaque-GSM. To conclusively demonstrate that the presence of echolucent carotid plaques is consistently and independently associated with CVD even after adjustment for conventional risk factors, further studies with large sample sizes would be necessary. The clinical utility of ultrasonic tissue characterization of carotid plaque as a stratification tool for CVD risk should be also confirmed in further studies.

Third, this study was performed in Japan and the IMT was measured at the site of greatest thickness, including plaque lesions according to the Japanese guidelines^[@bib31])^. As a result, in many cases, the carotid "IMT (especially, Max-IMT)" measured in our study would represented carotid "plaque thickness" rather than carotid "IMT" measured in accordance with the Mannheim consensus (excluding plaques) in the Western countries^[@bib45])^. Interestingly, it has been reported that plaque thickness, compared with IMT, can more accurately predict cardiovascular events^[@bib47]--[@bib49])^. Therefore, it would not be appropriate to make a simple comparison between our findings on IMT and those of previous reports from Western countries.

Fourth, we adopted the FRS, the most famous risk score for CVD, as a typical CVD risk score based on conventional risk factors. However, there are several concerns for the application of the FRS to the Japanese population since there are non-negligible differences in the crude incidence of coronary artery disease, the ratio of stroke to coronary artery disease, and the risk profiles of CVD between Japanese and Americans. Indeed, a previous study revealed that the FRS overestimated the risk of coronary artery disease in the Japanese population^[@bib50])^. In addition, previous studies indicated that risk scores developed in the general population showed poorer performance when they were applied to patients with DM. Therefore, we might have adopted the JDCS/J-EDIT (JJ) risk engine, which had been developed for predicting macro- and microvascular complications in Japanese patients with type 2 DM^[@bib51])^. However, we were not able to calculate the JJ risk engine due to lack of data on leisure-time physical activity.

Finally, recent studies indicate that it would be better to measure the carotid plaque burden as total plaque area^[@bib52]--[@bib54])^ or volume^[@bib55])^, and that in patients without plaques it would be better to measure vessel wall volume^[@bib56],\ [@bib57])^ than IMT. However, the present study cannot address these points due to lack of data.

Notwithstanding these limitations, the present study suggests that the use of IMT-related measures, in addition to conventional risk factors or an established cardiovascular risk score, could bring about an improvement in the ability to predict CVD events in asymptomatic patients with DM, despite its small extent. It is also suggested that changes over time in carotid ultrasonography measures including IMT and GSM may be used as therapeutic outcome measures. In conclusion, our study indicates that measures derived from carotid ultrasonography can provide useful information for identifying patients with a high risk of CVD.
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